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Edited by Ulf-Ingo Flu¨ggeAbstract The possible in vivo interaction of the Nicotiana taba-
cum agglutinin (Nictaba) with endogenous glycoproteins was
corroborated using a combination of confocal/electron micros-
copy of an EGFP-Nictaba fusion protein expressed in tobacco
Bright Yellow-2 (BY-2) cells and biochemical analyses. In vitro
binding studies demonstrated that the expressed EGFP-Nictaba
possesses carbohydrate-binding activity. Microscopic analyses
conﬁrmed the previously reported cytoplasmic/nuclear location
of Nictaba in jasmonate-treated tobacco leaves and provided evi-
dence for the involvement of a nuclear localization signal-depen-
dent transport mechanism. In addition, it became evident that the
lectin is not uniformly distributed over the nucleus and the cyto-
plasm of BY-2 cells. Far Western blot analysis of extracts from
whole BY-2 cells and puriﬁed nuclei revealed that Nictaba inter-
acts in a glycan inhibitable way with numerous proteins including
many nuclear proteins. Enzymatic deglycosylation with PNGase
F indicated that the observed interaction depends on the presence
of N-glycans. Glycan array screening, which showed that Nic-
taba exhibits a strong aﬃnity for high-mannose and complex
N-glycans, provided a reasonable explanation for this observa-
tion. The cytoplasmic/nuclear localization of a plant lectin that
has a high aﬃnity for high-mannose and complex N-glycans
and speciﬁcally interacts with conspeciﬁc glycoproteins suggests
that N-glycosylated proteins might be more important in the
cytoplasm and nucleus than is currently believed.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Studies with animal systems provided ample evidence that
lectin-mediated protein–carbohydrate-interactions play an
essential role in many cellular processes involved in growth,Abbreviations: BY-2, Bright Yellow-2; EGFP, enhanced green ﬂuores-
cence protein; GlcNAc, N-acetylglucosamine; MS, Murashige and
Skoog; Nictaba, Nicotiana tabacum agglutinin; NLS, nuclear localiza-
tion signal
*Corresponding author. Fax: +32 92646219.
E-mail address: ElsJM.VanDamme@UGent.be (E.J.M. Van Damme).
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.10.044development and defence (for reviews see [1,2]). Apart from
defence-related phenomena, which rely on a recognition and
binding of ‘foreign’ glycans, almost all other documented cel-
lular functions of animal lectins are based on a speciﬁc interac-
tion with endogenous glycoconjugates [3]. In contrast to
animal lectins, there is little if any experimental evidence that
plant lectins other than those involved in the processing and
quality control of newly synthesized glycoproteins in the ER/
Golgi compartment (i.e. calnexin and calreticulin) are also able
to interact in situ with speciﬁc endogenous glycoconjugates.
Several examples have been reported of plant lectins that form
stable complexes with well-deﬁned glycoproteins. A well
known example is the wheat germ agglutinin (WGA) that
binds to nucleoporins with O-linked N-acetylglucosamine
(GlcNAc) such as p62 [4]. However, it is questionable whether
these complexes exist in vivo. Most plant lectins (such as
WGA) are due to their location in the vacuolar compartment
physically excluded from interactions with physiologically
active target glycoproteins located either in the cytoplasmic/
nuclear compartment or exposed on the cell surface. In addi-
tion, plant lectins and target glycoproteins are often expressed
in diﬀerent cells. Evidently, this reasoning does not apply to
some recently identiﬁed plant lectins that reside in the cyto-
plasmic/nuclear compartment where they have access to phys-
iologically important glycoproteins or other glycoconjugates
[5]. One example of a cytoplasmic/nuclear lectin is the Nicoti-
ana tabacum agglutinin, called Nictaba. Molecular cloning of
Nictaba revealed that the lectin is synthesized without a signal
peptide and contains a typical nuclear localization signal
(NLS) consisting of four consecutive lysine residues
(102KKKK105). Immunocytochemical studies with jasmonate
treated tobacco leaves demonstrated that Nictaba is exclu-
sively found in the cytoplasm and the nucleus conﬁrming that
the lectin is synthesized in the cytoplasm and at least partly
translocated into the nucleus [6].
Based on theoretical considerations it has been suggested
that some cytoplasmic/nuclear plant lectins are involved in spe-
ciﬁc endogenous protein–carbohydrate interactions and might
play a role in cellular regulation and signalling [5]. At present,
there is evidence for the occurrence of diﬀerent types of
cytoplasmic/nuclear lectins in plant cells. However, it remains
to be demonstrated that these lectins interact in situ withblished by Elsevier B.V. All rights reserved.
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corroborated the possible interaction of the recently identiﬁed
cytoplasmic/nuclear tobacco leaf lectin [6] with endogenous
glycoproteins. Localization of the ectopically expressed
EGFP-lectin fusion protein by confocal as well as electron
microscopy further revealed that the fusion protein is not uni-
formly distributed in the cytoplasm and nucleoplasm. Using a
combination of biochemical techniques it could be demon-
strated that the tobacco lectin binds to conspeciﬁc N-glycosyl-
ated proteins and most nuclear proteins.2. Materials and methods
2.1. Plant material and growth conditions
Nicotiana tabacum L. cv ‘Bright Yellow-2’ (BY-2) cells were grown
in 250 ml erlenmeyers ﬁlled with 40 ml of liquid Murashige and Skoog
(MS) medium on an orbital shaker (25 C, 150 rpm, constant dark-
ness). The MS medium (adjusted to pH 5.8 with 1 M KOH) contained
4.3 g/L MS micro and macro nutrients (Duchefa, Haarlem, The Neth-
erlands), 30 g/L sucrose, 0.2 g/L KH2PO4 and 40 ll of a 1000-fold con-
centrated vitamin/hormone stock (containing per ml: 0.4 mg of 2.4-D
dissolved in ethanol, 1 mg thiamine and 100 mg myo-inositol). Cells
were subcultured weekly by pipetting 1 ml of a dense culture into
40 ml fresh MS medium.2.2. Cloning of the expression vectors
Expression vectors for the 35S promoter-driven expression of en-
hanced green ﬂuorescence protein (EGFP) and the fusion proteins
EGFP-Nictaba and EGFP-DNLS-Nictaba were constructed using
the Gateway cloning technology of Invitrogen (Carlsbad, CA,
USA). PCR was performed according to [7] in an AmplitronIIR
Thermolyne apparatus (Dubuque, Iowa, USA) using Platinum Pfx
DNA Polymerase (Invitrogen) according to the manufacturer’s
instructions. Primers were ordered from Isogen (Maarssen, The
Netherlands).
The open reading frame of EGFP was ampliﬁed as an attB PCR
product using the pK7WGF2 vector [8] as a template. Both the native
and mutant Nictaba sequence were ampliﬁed as attB PCR products
using the cDNA clone encoding Nictaba from N. tabacum L. cv
‘Samsun NN’ (GenBank Accession No. AF389848 [6]) as a template.
To obtain a Nictaba sequence with a non-functional NLS the sequence
5 0AAGAAAAAGAAA3 0 (encoding 102KKKK105) was converted
into the mutant sequence 5 0AAGACAGCGAAA3 0 (encoding
102KTAK105) by PCR.
All attB PCR products were homogeneously recombined in the
pDONR221 vector (Invitrogen) via a BP reaction using the GatewayR
BP Clonase Enzyme mix (Invitrogen) according to the manufac-
turer’s instructions. Entry clones were subsequently transferred into
Escherichia coli strain Top10F0 cells via heat shock transformation.
Transformants were grown on LB agar plates containing kanamycin
(50 lg/ml) at 37 C and selected by colony PCR. Plasmid DNA of
desired colonies was puriﬁed using the QIAprep Spin MiniPrep kit
(Qiagen, Venlo, The Netherlands) and sequenced at the VIB Genetic
Service Facility (Antwerp, Belgium).
Finally, LR reactions were performed with selected entry clones
and destination vectors using the GatewayR LR Clonase Enzyme
mix (Invitrogen) to obtain expression clones. For the overexpression
of EGFP the pK7WG2 destination vector was used [8]. Overexpres-
sion of the native and the mutant Nictaba sequence C-terminally
fused to EGFP was achieved with the pK7WGF2 destination vector
[8].
The expression clones were transformed via heat shock into E. coli
cells. Transformants were selected on LB agar plates containing spec-
tinomycin (25 lg/ml) and screened with PCR.
2.3. Particle bombardment of BY-2 cells
For transient transformation of tobacco BY-2 cells the Bio-Rad
model PDS-1000/He Biolistic Particle Delivery system was used. The
protocol was adapted from [9]. Four days before particle bombard-
ment 4 ml of a 7 day-old dense culture was diluted in 40 ml of MS med-
ium and the cells were grown at 25 C in the dark on an orbital shakerat 150 rpm. After this growth period 4 ml aliquots of cells were trans-
ferred onto a Whatmann paper using a buchner ﬁlter. The Whatmann
paper was placed on top of solid (0.5% agar) MS medium containing
0.2 M mannitol and 0.2 M sorbitol, and incubated in the dark for
4 h at 25 C. Plasmid DNA of expression vectors was puriﬁed using
the QIAprep Spin MidiPrep kit (Qiagen) and precipitated on 1 lm
gold particles as outlined in the manufacturer’s protocol. Settings for
the bombardment of the BY-2 cells were as follows: pressure:
900 psi; ﬁring distance: 6–9 cm, vacuum: 26 in. Hg. After bombard-
ment, plates were incubated at 25 C in the dark for 24–55 h before
microscopic analysis. Confocal microscopy and image analysis was
carried out with a confocal laser scanning microscope (Radiance
2000, Bio-Rad, Hertfordshire, UK) mounted on an Eclipse 300 Nikon
microscope using a 10· Plan Apo objective lens (NA 0.45) or a 40· oil
immersion lens (NA 1.40). EGFP was excitated with a 488 nm line of
an argon ion laser. Images were analysed with ImageJ (http://rsb.info.
nih.gov/ij).2.4. Stable transformation of BY-2 cells
Four ml of a 7 day-old dense culture of BY-2 cells was diluted in
40 ml of MS medium and grown for four days at 25 C in the dark
on a rotary shaker at 150 rpm. Agrobacterium tumefaciens cells of
strain LBA4404, transformed with the expression vectors by triparen-
tal mating, were grown in 5 ml YEB medium containing gentamycin
(25 lg/ml) and spectinomycin (50 lg/ml) for 2 days at 25 C in the dark
at 150 rpm. One day before co-cultivation the A. tumefaciens cells were
diluted 1:100 in 10 ml YEB and continued to grow under the same con-
ditions. For co-cultivation, 4 ml of 4 day-old BY-2 cells were mixed
with various concentrations of bacterial cells and incubated for 2 days
at 25 C. Then, the mixtures were transferred onto MS agar plates con-
taining kanamycin (100 lg/ml), gentamycin (50 lg/ml) and carbenicil-
lin (500 lg/ml), and kept at 25 C. After approximately 2 weeks, calli
became visible and were transferred to fresh selection plates using a
sterile tooth pick. Surviving calli expressing the EGFP fusion construct
were selected under the microscope and grown in liquid medium for 3–
6 months. Experiments with transformed cells were performed 3 days
after the last subculturing.
2.5. JAME treatment of BY-2 cells
Three days after the last subculturing wild type and EGFP-Nictaba
expressing BY-2 cells were centrifuged (5 min 1000 · g) and washed
twice with MS medium without vitamins. After the ﬁnal wash, cells
were resuspended in 40 ml of vitamin free MS medium supplemented
with JAME (ﬁnal concentration: 1, 10, 50 or 100 lM). Cultures were
allowed to grow for 24 h at 25 C and 150 rpm prior to confocal
microscopy or extraction.2.6. FM4-64 labelling
Three-day old BY-2 cells were transferred onto a chambered cover
glass (MatTek Corporation, Ashland, MA, USA) and immobilized
in a thin layer of 100 ll BY-2 medium containing vitamins and 0.6%
plant agar. To label the plasma membrane of EGFP-Nictaba express-
ing BY2-cells, BY-2 medium containing vitamins was supplemented
with 0.01 volume of a 33 mM stock solution (in sterile water) of
FM4-64 (Molecular Probes, Leiden, The Netherlands) and added on
top of the agar. Green and red ﬂuorescence was imaged in a multichan-
nel setting with 488 and 543 nm light for EGFP and FM4-64 excita-
tion, respectively. Emission ﬂuorescence was detected with a HQ
515/30 emission ﬁlter for GFP and a HQ 590/70 ﬁlter for FM4-64.2.7. Immunogold labelling and electron microscopy
Cells were high pressure frozen (HPM 010, BAL-TEC, Liechten-
stein) and cryo-substituted in 0.25% glutaraldehyde (Sigma, Taufkir-
chen, Germany) and 0.1% uranyl acetate (Chemapol, Czech
Republic) in aceton for 5 days using cryosubstitution equipment
(FSU, BAL-TEC, Liechtenstein). After substitution cells were embed-
ded in HM20 (Polysciences Europe, Eppelheim Germany) at 20 C.
For immunolabelling ultrathin sections were treated with a poly-
clonal anti-GFP antibody (Living Colors, BD Biosciences, Palo Alto,
USA) followed by detection with a goat anti-rabbit secondary anti-
body conjugated with 10 nm gold (Sigma, Taufkirchen, Germany).
Sections were post-stained with uranyl acetate and lead citrate in an
EM-Stain apparatus (Leica, Bensheim, Germany) and subsequently
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NTS, Oberkochen, Germany). Micrographs were taken with a Vario-
speed SSCCD (TRS, Du¨nzelbach, Germany).
2.8. Glycan array screening
Puriﬁed Nictaba (2 mg/ml) was labeled with an Alexa Fluor 488
Protein Labeling Kit (Molecular Probes, Invitrogen) according to
the manufacturer’s protocol. The labeled protein was applied onto a
PD-10 column (Sephadex G-25) (Amersham Biosciences, Piscataway,
NJ, USA) and separated from free label. The protein concentration
was determined by a Lowry assay and the labeling eﬃciency deter-
mined spectrophotometrically (485 nm/535 nm). Twenty ﬁve ll of Nic-
taba-Alexa 488 (30 lg/ml) was applied to each well of the Consortium
streptavidin/biotin array (EA V3), and to the printed array (PA V2.1)
and screened for binding speciﬁcity determination as previously
described [10–12].
2.9. Aﬃnity chromatography of crude extracts
Cells were homogenized in 20 mM unbuﬀered 1,3-propane diamine
(5 ml buﬀer per gram fresh weight material) with mortar and pestle.
The homogenates were transferred into centrifuge tubes and centri-
fuged at 3000 · g for 5 min. Afterwards the supernatant was adjusted
to pH 7.5 and 0.2 M NaCl. A column (1.6 cm · 2 cm; 4 ml bed volume)
was homogeneously packed with Sepharose 4B beads substituted with
a mixture of GlcNAc-oligomers. Ten ml of a crude extract of BY-2
cells was applied to the column. After aﬃnity chromatography, the
beads were removed from the column and analyzed by confocal
microscopy.
2.10. PNGase F treatment
Two gram of 3-day old BY-2 cells was homogenized in liquid nitro-
gen using mortar and pestle. The powder was extracted in 0.5 ml
extraction buﬀer (25 mM Tris–HCl, pH 7.5, 1 mM PMSF (Roche,
Mannheim, Germany), 1 mM DTT (Sigma, St. Louis, USA), 0,1%
Triton X-100 (Acros Organics, Geel, Belgium), 1% proteinase inhibitor
cocktail (Sigma)). The homogenates were transferred into centrifuge
tubes and centrifuged at 3000 · g for 5 min. Protein concentrations
of the supernatant fractions were measured spectrophotometrically
according to the Bradford method. Homogenates (400 ll containing
600 lg of total protein) were dialysed against distilled water for 3 h.
Afterwards, the extract was lyophilised and resuspended in distilled
water. Fifty lg of total protein (in 10 ll of water) was treated with
2500 units of PNGase F (New England Biolabs, Beverley MA, USA)
for 2 h at 37 C. After treatment, extracts were used for far Western
blot analysis. Arcelin-1, a plant glycoprotein containing two high-man-
nose and one complex N-glycan [13,14], was used as a control. Lyoph-
ilized arcelin-1 was dissolved in 10 mM Tris–HCl (pH 7.5) and treated
with PNGase F as described above.2.11. Isolation of nuclei from BY-2 cells and preparation of
nuclear proteins
Nuclei were isolated from BY-2 cells according to the protocol de-
scribed in [15]. Brieﬂy, 100 ml of a 7 day-old culture of BY-2 cells were
incubated for 4 h at 37 C with 10 ml of an enzyme mixture containing
2% pectolyase Y23, 10% cellulase RS and 2% driselase to produce pro-
toplasts. Approximately three million protoplasts were diluted in 2 ml
of a lysis buﬀer (pH 5.3, 0.4 M saccharose, 10 mMMES, 10 mMNaCl,
5 mMMgCl2, 0.25 mMDTT and 5 mM EDTA) and passed four times
through a needle (0.45 · 12 mm) and syringe to disrupt the protoplasts.
Eﬃciency of the lysis step was checked under the microscope. Nuclei
were puriﬁed using a discontinuous (10–36%) iodixanol gradient and
collected between the iodixanol layers 30% and 36%. Proteins were iso-
lated from washed nuclei by phenol extraction and recovered from the
phenol by precipitation at 20 C for 16 h with 0.1 volume of 1 M
NH4Ac and 4 volumes of methanol. The protein precipitate was col-
lected by centrifugation, washed with 80% methanol, and dissolved
in sample buﬀer for SDS–PAGE. The overall yields amount to approxi-
mately 150 lg nuclear protein per 1 million nuclei.2.12. Analytical techniques
Protein extracts from cells were analyzed by SDS–PAGE in 15%
acrylamide gels as described [16]. Proteins were visualized by staining
with Coomassie brilliant blue or blotted onto polyvinylidene ﬂuoride(PVDF, 0.45 lm) transfer membranes (Biotrace PVDF, PALL, Gel-
man Laboratory, USA). Western blot analysis was performed using a
speciﬁc primary antibody against Nictaba (prepared as described [6])
and a horseradish peroxidase-coupled goat anti-rabbit IgG (Dako
A/S, Denmark) as the secondary antibody. For far Western blot anal-
ysis the blot was incubated with puriﬁed lectin (10 lg /ml, diluted in
PBS) for one hour prior to incubation with the primary antibody
against Nictaba, the secondary antibody and the detection buﬀer. In
some experiments the binding activity of the lectin was suppressed
by the addition of a mixture of GlcNAc-oligomers (at a ﬁnal concen-
tration 10-fold higher than that required to completely inhibit the
agglutination activity of a 100 lg/ml solution of Nictaba).3. Results
3.1. EGFP-Nictaba is a cytoplasmic protein that is partly
translocated into the nucleus
To corroborate the location of Nictaba in more detail a
complementary approach based on confocal microscopy of to-
bacco BY-2 cells expressing an EGFP-Nictaba fusion protein
was followed. It is worth noting here that the BY-2 cells used
in our experiments do not express Nictaba because the corre-
sponding gene identiﬁed in N. tabacum cv ‘BY-2’ plants was
apparently lost from the genome during the establishment or
culture of the cell line [17]. Therefore, any interaction between
the ectopically expressed EGFP-Nictaba fusion protein and
endogenous Nictaba can be excluded.
Confocal microscopy of transiently transformed BY-2 cells
revealed that 24 h after biolistic delivery, the expressed
EGFP-Nictaba is predominantly located in the nucleus and
to a lesser extent in the cytoplasm surrounding the central vac-
uole and the strands of cytoplasm transversing the vacuole. No
ﬂuorescence emission was seen in the nucleolus (Fig. 1A, top).
A diﬀerent picture emerged 40 h after DNA delivery. The nu-
cleus still contained most of the EGFP-Nictaba but the rim-
like staining pattern indicated that the fusion protein was con-
centrated at the periphery of the nucleus (Fig. 1A, bottom and
inset). In contrast to the nucleus, there were no obvious
changes in the staining pattern of the cytoplasmic compart-
ment. Parallel experiments with free EGFP showed a bright
ﬂuorescence in the inner part of the nucleus and a less intense
staining in the cytoplasm (Fig. 1A). In contrast to EGFP-Nic-
taba, the distribution pattern of free EGFP did not noticeably
change between 24 and 48 h after biolistic delivery of the
DNA.
To address whether these time-related changes in nuclear
localization are physiologically relevant or are simply due to
cell ageing and loss of viability, the distribution of EGFP-Nic-
taba was also analyzed in a stably transformed cell line, in
which the fusion protein accumulates over a much longer time
period. In these cells, both cytoplasm and nucleus exhibit a
strong ﬂuorescence (Fig. 1B). Labeling of these cells with the
hydrophobic dye FM4-64 revealed no association of EGFP-
Nictaba with the plasma membrane (Fig. 1B). Within the nu-
cleus EGFP-Nictaba is not evenly distributed. The fusion pro-
tein tends to be more concentrated in the periphery yielding a
rim-like staining (Fig. 1B, inset). This implies that the apparent
concentration of Nictaba in the peripheral region of the nuclei
corresponds to an in situ situation and indicates that the dis-
tinct pattern, observed in transiently expressing cells 24 h after
transformation, reﬂects an intermediate stage in which the
lectin is still in the process of being translocated within the
nuclear compartment. Treatment of the cells with JAME in
Fig. 1. Confocal images of (A) transiently transformed BY-2 cells expressing EGFP-Nictaba, EGFP or EGFP-(DNLS)-Nictaba 24 h and 48 h after
DNA delivery, respectively, and (B) stably transformed BY-2 cells expressing EGFP-Nictaba. Small ﬁgures show a close-up of the nuclei whereby the
ﬂuorescence intensity is artiﬁcially colored using the ‘ﬁre’ LUT in ImageJ. Blue and yellow color correspond to zero and maximal ﬂuorescence,
respectively. Scale bars represent 10 lm.
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pattern of EGFP-Nictaba (results not shown).
Electron microscopic immunogold labeling conﬁrmed the
location of EGFP-Nictaba in the cytoplasm and nucleus of
stably transformed BY-2 cells (Fig. 2). The lectin could readily
be detected in the ground cytoplasm, the nucleoplasm and the
nucleolus (Fig. 2A–C) but was apparently absent from cellular
organelles like plastids, mitochondria, endoplasmic reticulum,
dictyosomes and vacuoles (Fig. 2A and B).
3.2. The translocation of the lectin to the nucleus is an NLS-
dependent process
The distribution pattern of EGFP-Nictaba in the BY-2 cells
is in perfect agreement with the results of the previously re-
ported immuno-cytochemical localization of Nictaba in tobac-
co leaf cells [6] but does not allow drawing conclusions about
the role of the presumed NLS in the transport of the lectin into
the nucleus. To address the functionality of the NLS in
Nictaba, a fusion protein of EGFP and a Nictaba mutant in
which the presumed NLS (102KKKK105) was changed into
(102KTAK105) was expressed in BY-2 cells. Confocal micros-
copy of the transiently transformed cells (Fig. 1A) clearly dem-
onstrated that EGFP-(DNLS)-Nictaba is exclusively located in
the cytoplasm and can not be detected in the nucleus. The dis-
tribution pattern seen 24 h after biolistic delivery of the DNA
did not change during the subsequent 36 h indicating that the
NLS is required and suﬃcient for transport of Nictaba from
the cytoplasm into the nucleus. In addition, cells expressingthe NLS mutant exhibited a strong vesiculation and an in-
creased plasmolysis. Possibly, these symptoms indicate the
onset of cell death as a result of the aberrant topogenesis of
the mutant Nictaba.
3.3. EGFP-Nictaba expressed in BY-2 cells is a functional lectin
The lectin activity of the fusion protein EGFP-Nictaba was
checked by a binding assay on Sepharose 4B beads substituted
with a mixture of GlcNAc-oligomers, which was shown to be a
very speciﬁc and eﬃcient aﬃnity matrix for the puriﬁcation of
native Nictaba from tobacco leaves [6]. As shown in Fig. 3A,
the beads loaded with an extract from EGFP-Nictaba express-
ing BY-2 cells exhibited a clear ﬂuorescent ring at their surface.
Beads loaded with an extract from BY-2 cells expressing free
EGFP did not emit any detectable ﬂuorescence (Fig. 3B).
These observations conﬁrm that EGFP-Nictaba expressed in
the BY-2 cells possesses carbohydrate-binding activity and
accordingly is capable of interacting in situ with glycoconju-
gates.
3.4. Nictaba binds many nuclear glycoproteins in a
sugar-inhibitable way
Preliminary far Western blot experiments indicated that Nic-
taba binds to numerous proteins present in crude extracts from
tobacco tissue. To corroborate the presence of potential glyco-
protein receptors for Nictaba the search was limited to a set of
proteins that are in situ accessible for the lectin. For this pur-
pose isolated nuclei were chosen as a model system because
Fig. 2. Immunogold labelling of EGFP in cells expressing EGFP-Nictaba (A–C) and in non-transformed control cells (D). In transformed cells gold
grains are visible in the cytoplasm, but not in plastids, mitochondria, ER and vacuoles (A and B). In the nucleus signals are detectable in
the nucleolus and in the nucleoplasm (C). In non-transformed cells no labelling can be detected (D). p – plastid, m – mitochondrion, v – vacuole,
d – dictyosome, no – nucleolus, np – nucleoplasm, arrowhead – endoplasmic reticulum. Scale bars represent 0.5 lm.
Fig. 3. Confocal images of Sepharose beads substituted with GlcNAc-oligomers after aﬃnity chromatography of crude extracts from stably
transformed BY-2 cells expressing EGFP-Nictaba (A) or EGFP (B). Scale bars represent 10 nm.
N. Lannoo et al. / FEBS Letters 580 (2006) 6329–6337 6333Nictaba has in principle access to both the inner and outer side
of this cell compartment. Nuclei were isolated from wild type
BY-2 cells and the nuclear proteins analyzed by SDS–PAGE
and far Western blot. As shown in Fig. 4A, the majority of
the nuclear proteins visible in the stained gel were recognizedby Nictaba. Negative controls ruled out the possibility that
the observed reaction was due to aspeciﬁc reactions of the pri-
mary or secondary antibody (Fig. 4C and D). Addition of Glc-
NAc-oligomers during the binding step completely abolished
the binding of Nictaba to the blotted proteins (Fig. 4B). These
Fig. 4. Far Western blot analysis of proteins isolated from puriﬁed
BY-2 cell nuclei. Blots A and B were incubated with Nictaba in the
absence (A) and presence (B) of GlcNAc-oligomers prior to treatment
with a primary anti-Nictaba antibody and a labeled secondary
antibody. Blot C was not incubated with Nictaba prior to treatment
with the primary and secondary antibody. Blot D was incubated
without Nictaba and primary antibody prior to ﬁnal treatment with
the secondary antibody. Each blot contained proteins (approximately
15 lg) from approximately 105 nuclei. Lane M is loaded with marker
proteins.
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able way with numerous conspeciﬁc nuclear proteins and
accordingly provide ﬁrm evidence for the occurrence of glyco-
proteins that can also act in situ as endogenous receptor mole-
cules for the tobacco lectin.3.5. Nictaba preferentially interacts with N-glycans
Hapten inhibition assays and surface plasmon resonance
experiments indicated that Nictaba speciﬁcally interacts with
GlcNAc-oligomers [6]. Except for some nuclear pore proteins
modiﬁed by O-linked GlcNAc-oligomers, this previously re-
ported speciﬁcity is diﬃcult to reconcile with the observed
interaction of Nictaba with numerous nuclear glycoproteins.
To corroborate this apparent discrepancy the speciﬁcity of
Nictaba was reassessed using a more straightforward analysis
based on direct measurements of the binding of ﬂuorescently
labeled Nictaba using the glycan arrays of the Consortium
for Functional Glycomics [10]. These arrays comprise more
than 200 synthetic and natural glycan sequences representing
major glycan structures of glycoproteins and glycolipids. Anal-
ysis of lectin binding on these glycan arrays conﬁrmed that
Nictaba interacts with chito-oligosaccharides but, what is
more important, revealed that the lectin exhibits a signiﬁcantly
higher aﬃnity for high-mannose as well as multiple bianten-nary N-glycans carrying terminal Gal, GlcNAc, and GalNAc
(Fig. 5, see also Supplementary Tables 1 and 2). A detailed
analysis of the binding studies suggests that the binding site
of Nictaba is most complementary to Manb1-4GlcNAcb1-
4GlcNAcb-N-Asn. This conclusion is of paramount interest
because it implies that all glycoproteins carrying N-glycans
with this structure are suitable candidate receptors for Nic-
taba.3.6. Most of the Nictaba interacting proteins are substituted with
N-glycans
Based on the results shown in Fig. 4 combined with the
novel speciﬁcity data it is tempting to speculate that the Nic-
taba-interacting bands correspond to N-glycosylated proteins.
To test this hypothesis we checked whether enzymatic removal
of N-glycans abolishes the reactivity of tobacco proteins to-
wards Nictaba. Far Western blot analysis of untreated and
PNGase F treated extracts of wild type BY-2 cells demon-
strated that enzymatic removal of N-glycans resulted in an al-
most complete loss of reactivity, which conﬁrms that Nictaba
speciﬁcally interacts with the N-glycans of conspeciﬁc glyco-
proteins. To test the validity of this approach the same exper-
iments were done with arcelin-1, a glycoprotein from kidney
bean (Phaseolus vulgaris L. cv. RAZ-2) seeds that was previ-
ously shown to interact with Nictaba [6] and is known to con-
tain two high-mannose and one complex N-glycan per subunit
[13,14]. As shown in Fig. 6, PNGase F treatment strongly re-
duced the reactivity of arcelin-1 towards Nictaba conﬁrming
that Nictaba interacts with N-glycans of plant glycoproteins.
The residual binding of Nictaba to the blotted PNGase F trea-
ted arcelin-1 can be explained by the fact that the enzyme can-
not remove the complex N-glycan (carrying xylose and an a1,3
fucose on the GlcNAc linked to Asn) [13], and hence leaves a
partly glycosylated protein that still reacts with the lectin. It
should be emphasized that the observed residual binding of
the PNGase F treated arcelin-1 is in perfect agreement with
the glycan array data, which clearly indicate that Nictaba
interacts with N-glycans of both the high-mannose and the
complex type.
To assess the possible eﬀect(s) of jasmonate on the presence
of Nictaba-reactive glycoproteins in BY-2 cells a comparative
analysis was made of extracts prepared from untreated and
JAME-treatment BY-2 cells. As shown in Fig. 6, the extract
from the JAME-treated cells contains less Nictaba-interacting
proteins especially in the lower Mr range (4–30 kDa).4. Discussion
The identiﬁcation of several types of plant lectins with a pre-
sumed cytoplasmic/nuclear location led to the development of
the concept that some of these proteins are involved in speciﬁc
endogenous protein–carbohydrate interactions and by virtue
of these interactions play a role in cellular regulation and/or
signalling. To test the validity of this novel concept we used
the tobacco lectin as a model system to provide experimental
evidence for the occurrence of in situ interactions between a
cytoplasmic/nuclear lectin and conspeciﬁc endogenous glyco-
proteins.
The location of Nictaba was corroborated by confocal
microscopy of Nictaba fused to the green ﬂuorescent protein,
Fig. 5. Determination of the speciﬁcity of Nictaba by screening on the printed array v2.1 of the Consortium for Functional Glycomics. Error bars
represent means ± S.D. RFU = relative ﬂuorescence units. Spacer deﬁnitions and entire glycan array version are available at http://www.function-
alglycomics.org/static/consortium/. The structure of the most reactive glycans is represented in the lower panels. Common for all glycan structures
recognized by Nictaba is the core: Manb1-4GlcNAcb1-4GlcNAcb-N-Asn.
N. Lannoo et al. / FEBS Letters 580 (2006) 6329–6337 6335a small 27 kDa protein found in the jellyﬁsh Aequoria victoria.
Due to its small size, stable and high ﬂuorescence, negligible
impact on cell viability and versatility, GFP is widely used in
localization studies in living cells [18]. Variants of GFP with
improved expression and stability in mammalian and plant
cells have been developed. One of these variants namely en-
hanced GFP (EGFP, developed by Clontech) was used for
the construction of the EGFP-Nictaba fusion protein suitable
for expression and analysis in BY-2 cells.
Confocal microscopy of transiently transformed BY-2 cells
demonstrated that EGFP-Nictaba is located in the cytoplasm
and partly translocated into the nucleus through an NLS-
dependent transport mechanism. These results were conﬁrmed
by confocal and electron microscopy with stably transformedBY-2 cells expressing EGFP-Nictaba. Time course experi-
ments further indicated that the fusion protein is progressively
translocated from the inner part to the periphery of the nu-
cleus. JAME-treatment of the EGFP-Nictaba expressing cells
did not alter the localization pattern. However, less Nictaba-
interacting proteins were visible after far Western blot analysis
of protein extracts of JAME-treated cells.
Control experiments conﬁrmed that the EGFP-Nictaba
fusion protein possesses lectin activity, which implies that
the observed localization pattern most probably corresponds
to that of the native lectin. The results of the microscopic
analysis clearly demonstrate that the nucleus and cytoplasm
of BY-2 cells are not uniformly stained suggesting that
Nictaba speciﬁcally binds to certain cell structures or
Fig. 6. Eﬀect of PNGase F-treatment on the reactivity of electroblotted arcelin-1 and tobacco proteins towards Nictaba. (A) SDS–PAGE of
untreated () and PNGase F treated (+) arcelin-1 (10 lg loaded per lane). (B) Far Western blot analysis of extracts from BY-2 cells (corresponding to
50 lg protein) and arcelin-1 (0.2 lg loaded per lane). Lanes loaded with extracts from untreated and JAME-treated BY-2 cells are labelled with
Control and JAME, respectively. Lanes labelled with  and + refer to untreated and PNGase F treated samples, respectively. Lane M was loaded
with marker proteins (SeeBlue Plus2 Pre-stained Standard, Invitrogen). Lane N was loaded with 0.2 lg Nictaba.
6336 N. Lannoo et al. / FEBS Letters 580 (2006) 6329–6337glycoproteins. To conﬁrm that the presumed in situ binding of
Nictaba to endogenous glycoproteins can take place a set of
in vitro experiments were performed and provided ﬁrm evi-
dence that tobacco BY-2 cells contain conspeciﬁc glyco-
proteins that are recognized by Nictaba. Thereby, it could
be demonstrated that Nictaba interacts in a sugar-inhibitable
manner with numerous nuclear proteins. Since these nuclear
proteins are also in situ accessible for the lectin, it seems likely
that at least some of them are involved in the ‘staining’ of the
nuclear surface by EGFP-Nictaba. At present, no Nictaba-
reactive proteins have been identiﬁed yet. However, the
combined results of novel speciﬁcity studies and enzymatic
deglycosylation experiments strongly indicate that Nictaba
speciﬁcally interacts with N-glycosylated conspeciﬁc proteins.
This in turn implies that at least part of the apparent in situ
binding of EGFP-Nictaba to the nuclear envelope might be
based on a speciﬁc interaction with N-glycosylated nuclear
proteins.
Evidently, these observations are diﬃcult to reconcile with
the prevailing paradigms about the presence/absence of glyco-
proteins or other glycoconjugates in the cytoplasm. There is
increasing evidence that many soluble cytoplasmic and nucleo-
plasmic proteins are modiﬁed by O-linked GlcNAc or O-linked
mannose [19,20]. Moreover, it is has been demonstrated that
misfolded N-glycosylated proteins that entered the ER associ-
ated degradation (ERAD) pathway are directed into the cyto-
plasm for ubiquitin-proteasome-dependent degradation in the
cytoplasm of both animal and plant cells [21–23]. Though still
speculative the present study of the subcellular location of
EGFP-Nictaba suggests that N-glycosylated proteins might
be more prominent in the cytoplasmic/nuclear compartment
than is currently believed.
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